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In order to reduce pjleup llm!tatiune on LISRdata rate-, ●

fast chopper for surface muon hams was built ●nd teatod ●t
LA?4PQ. The ●yotem allowad one muon ●t ● time to ba ●topped

in a LISR ●ample in tho following way: A surfact baam from
the LMPF Stopped !luon Channel wam focused through a
crossed-fltld beam s~parator ●nd onto a choppar slit. With
the fieparatorE ●nd B fieldo adjuotsd properly, tho baam
could pase through tho s1lc. Tha baam to tho uSR sampla was
curnod on or off (choppad) rapidly by ●wltchlng tha high
voltage ●pplied to the separator plataa on or off within
●pproxlutaly 500 n- ; with th- E field off, the B fiald
deflact~d tha ham, dumping it near tha slit. k
dmonstratad that, with improvad ●loctronlco, we will be ●bl~
to stop ● slugla muon in ● u!3R samplo ● s fraquantly as onto
.v@ry 20 Ua and that data rat~a for tho systam can M a
factor of fivo highgr than ia ●trainable with unchoppod
hams . ThQ obsorvod positron contamination of tha baam wao
laoa than fiva parc~nt, ●nd tha ratio of tha muon rata with
baam on to tha rata with baam off waa !540.

‘ 1. INTRODUCTION

Thir papar summaricoo tha rasult~ of ●n .xp@rlmontal otudy of muon beam
chopping ●a m tochniquo for reducing P11OUP limitation- on data ratoa in ttmo-

difforontial p9R .xp@riments /1/ p~rform-d at tho Stoppod 14uonChannel (SMC) ●t

tha Clinton P. Andarson H@aon ?hyslts Facility (LAJIPF). Rasults of meamurments
of beam oizo ●nd ●uon rat. for tha unchoppod-beam modo ● ro comparod with pro-
dicttd valuoc, ●nd tho mamurad muon rat. is used to pradict rata- for tha
choppad-baam mods, Rowlts of maacuroments of beam rim ●nd fall timo~, beam
●xtinctlon .Cflcioncy, positron contamination, beam ●a~try, data rat~s, ●nd
background ●rc ●lto prcasntcd.

2. HUON PILEUP

2.1. Unchoppod-baam mods

Data rataa in time+itforantlal u!5R ●xperlwntt cannot bo increaaod
indofini~tily●imply by lncraasimg tha flux rate of muons on tha sampl~ bocauoa
th~ro ●rc dmta-rat~ limitations dua to muon P1lQUP in the •ampl~. ‘l’him18
●vid~nt from tha following concid~rationa. ‘l%. information of interest in ● IJ!3R
●xperi~~nt is th~ distribution of time int~rvals htwan th arrival of ● muon in

the oampla aItdtha suboaquont datcction of tha decay positron with ● positron
telescopo. To avoid ambiguitioc raoulting fra th~ prassnca of mr~ than ono
muon in tha oampla at ● tire., tho data ●cquioitlon ●lactronicc must raqulr~ that
thare be “pilaup” intarvals, Tpu (uoually ●bout tw~lva microocconds long), fro,

*
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of muon stops both before and after arr~.valof the muon associated with a subse-
quently detected posftron. If this condition Is not satisfied, i.e., if there is
muon pile’~p, all muons involved are rejected.

The rate, Rg, of good muons, i.e., those that are not rejected because of
ptleu?, can be used as a measure of the uSR data acquisition rate. It is evident
that, as the muon stop rate in the sample increases from zero, the rate of good
muons, and therefore the data rate, increases roughly linearly with the incident
muon rate until significant numbers of muors are rejected by pileup. At some

incident rate, the good muon rate reaches a maximum and then decreases as pileup
cauaes rejection of-an increasing fraction of the
expressed by the formula

Rg - Re-2RTpu

where R is the instantaneous rat? of muon stops.
where the good muon rate la plotted vs. muon stop
for which ~pu is
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stopping muons. Rg iS

This
rate

is Illustrated in Fig. I
for a hypothetical case

MUON STOPRATE($’)

Fig. 1. Tlluatration of tho affact of muon pileup on good muon rate~

for hypothetical :hoppad and unc~oppd baam etxpariments. Solid curv~
is For tha unchoppcd baam caea, danhad curv, in for th@ chopped henm
caau. T pu = 12 us for both caoeo ●nd Yr - 0.5 us for the chopp~d het!m.

This result has baan varified both by computer simulation and hy putting pulne~
from ● radioactive oourca through a pileup modulo and measuring pileup raten.



2.2. Chopped beam mode
L

Muon pileup can be reduced, and therefore higher data rates can be attalfied,
by turning the beam off (chopping) quickly to exclude subsequerltmuons as soon as
one triggers the M counter. After a period of time allotted fc= detection of the
decay positron, another muon can be admitted by turning the beam on again.

With this arrangement good muon rates are limited by three factors:
(i) The average waiting time, Tw (J3ivenby Tw = l/R) for a muon to trigger

the M counter. In this study the time was typically 2 VS. Since this is a small
fraction of the total time between events, as discussed in item (ii), it is not a
significant limitation.

(ii) The length of time, Tp, allocated to waiting for the decay posftron
plus the time required for processing the time-interval information. This total
time is typically 15-20 DS and is required for both the chopped and unchopped
beam modes of operation.

(Iii) Muon pileup. Even in the chopped beam mode, if the instantaneousmuon
rate is so high that the chopper does not turn the beam off before a eecond muon
arrives, muons will be rejected because of pileup. Pileup is insignificant,
however, if the chopper response time, ~r$ is a small fraction of the average
time (=2 MS) between muon arrivals. Neglecting the effect of chopper rise/fall
times we find

~e-RTr

%“
1 + R(r

pu + Tr)

for the rate of good muon arrivals. This rate is also plotted In Fig. },
demonstrating the substantial rate enhancement poaaible with chopping.

?. CHOPPER l)l?SCRIPTION

As Fig. 2 uhowe, the system studied comprised two main component:
(1) A cronscd-field (E and t))aoparator with ● downstream ch~lpper ,llitand

associated high-voltags power supplies and switching circuite /2/, and
(ii) The LAMPF MSR apetctromcterconsisting of ● Helmholtz coil, M counter,

and positron t~leacepea. ThQ apactrometer was configured for a 100-gausn
transverse field for thla atdy.
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Fig. 2, Side view of choppe: eatup.



During the chopper studies, the LAMPF proton beam current on the 4-cm-long
carbon pion/muon production target was typically 850 DA (520-us macropulses at
108 Hz). The SMC was tuned to tranqport 25.9-MeV/c surface muons t~ the I.ISR
sample, which was E 3-cm-diamj 3-mm-thick copper disk. The muons passed between
the high-voltage plates (1 m long, 10 cm vertical separation) of tie beam
separator and were focused through the chopper slit and then onto ~he uSR sample.
The beam slowly converged to a waist located between two 1.5-cm-diamcollimators
just upstream of the sample; these collimators reduced the beam size at the
sample position to somewhat less than that of the sample.

To turn the beam on, the separator E and B fields were adjusted to allow
muons to pass through the chopper slit (a 2.9-cm-diam hole in a 3.13-cm-thicklead
plate); the beam size at the slit was approximately 2.5 cm FWHM in the vertical
direction, which was the direction 01 beam deflection by the separator. At the
same time, electrons were deflected away from the slit, removing them from the
beam.

Beam chopping was accomplished by switching off the separator high voltage,
allowing the magnetic field of the separator to dump both muons and positrons at
the chopper slit position. lletectionof a muon by the M counter at the sample
position triggers the switching electronics to turn off the high voltage. The
high voltage remains off for the selected wait time to allow the decay positron
to appear. At the end of the wait time, the high voltage is switched on to admit
the next muon. The separator was operated with a voltage difference of 30 kV
between the plates, producing a deflecting fi-~ldof 3 kV/cm. A waiting time of
64 pa was used. Improved equipment now available will red’~cethe minimum waiting
time to 20 I.ISand will provide voltage differences up to 50 kV.

4. RESULTS

4.1. Continuous-beam (unchopped)mode

A beam profile monitor was used to measure the beam size at both the chopper
slit position and at the DSR sample position. Predicted aizen, obtained using
the beam transport code TURTLE /3/, are compar~d with meaNured sizes In Table 1.

Table 1
Comparison of predicted nnd measured muon beam &ize at chopper slit snd
mample poaittono. Sizee are in cm FWHM (horizontal etze x vertical
Bitt?).

Position Prrdicted Size Meani~redSlzc

Chopper Slit I.fl x 2.0 3.5 x 2.’i
uSR Sample 1.0 ~ 1,0 102 x 1.2

TURTLE calculation of beam size did not include the effect of multiple scatter-
ing in vac~~umwindows and in the profile monitor wtndows, no the slightly larg r
experimentally determined be#m siz~a are not surprising. r

During initial hem tuning, the muon rate, as measured with n l.%cm-diam,
2.4-mm-thfck nc:ntillation counter at the oampla position, wan 15.8 kHz avernge
when the pruton beam current on the muon production target wan 850 PA; thin in to
ba comparod with a TURTLE prediction of 32 i 2 kHz. The discrepancy 18
attribl,ted to the fact that the SMC bending magnet aettinga were not fine tuned
to IIIaXAMiZ8the muon rate, although they wer~ oat to their nominal beam design
values. It in estimated that optimization would have given a muon rate ten to
thirty percent higher than was oboetrved,in which case the menoured value would
have agraed quite well with prsdictims,



4.2. Chopped-beam mode L

High-voltage rise and fall times (10-90% level) were 500 ns. This experi-
mental result Is shown in Fig. 3, which presents the combined results of three
measurements each of the muon rate (as determined by counting M counter pulses in
a 10-ns time window) as a function of the delay after the start of a pulse used
to trigger the voltage turnon/turnoff.
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The zero-time reference of the delays is arbitrary; the scale provides a measure
from which rise/fall times are determined. In the actual M-courttercontrolled
experiments, only 180 ns separated an M-counter pulse and the initial drop in
muon rate.

TURTLE simulations, which assumed linear rise and fall of the high voltage,
predicted beam-rate :ise/fall times of =100 ns while the measured values were
160 ns and 60 ns, respectively. The f~ct that the measured fall time is shorter
than predicted Is reasonable since, when the high voltage is turned off, the
voltage decreases relatively rapidly during the initial part of the
exponential-like (not linear as in the TURTLE calculations) voltage falloff. It
is during this early, rapid voltage drop that the beam is deflected off the
chopper slit. The rise time is somewhat longer because it is during the late,
slowly varying part of the voltage rise, when it Is almost up to full value, that
the beam begins to pass through the slit again.

The probability of muon pileup is minimized by turning the beam off with the
chopper, not only as quickly as possible after the arrival of a first muon, but
also as completely as possible. The completeness of turnoff is termed the
extinction efficiency and is the ratio of muon flux wiLh chopper off to flux with
chopper on. The system as tested gave an ●xtension efficiency of l:154f).

Because scattered beam positrons can give false positron signals in the
telescopes, it Is important that the chopperlseparator remove as many positrons
as possible from the beam. The u/e ratio was found to be *20:1 with the
separator on.

The experimental asymmetry, a, which appears in the expression

N(t) = N(0)exp(-t/T)[l + aG(t)cos(ut + o)]

that describes transverse-fielddata, was typically 0.lR-O.22, much the same a~
observed I,I?decay muon beam experiments with the p~esent geometry,

To detect any unexpected differences between the histograms megsured by
celessopes In different orientations, three positron telescopes were us~d, one
downstream of the sample, and one each above end below. The histograms from all
three telescopes were found to be eimllar. Only the upper telescope was used to
directly observe hietogram rates in tha chopped-beam mode. The measured rates,
as a function of the size of the beam-lim%ting slit in the SMC, were compared
with TURTLE predictions based on the unchopped mode muon rates, Figure 4 show~
both measured snd predicsed hietogram ratee for the upper telescope as a function
of the size of the beam-limiting slit. Error bara on tha calculated points
refl~ct a combination of statistical uncertainties in the Monte Carlo TURTLE
results and etatietlcal errors in unchopped mode measurements. As expected, n
monotonic rise In the rate was seen as the alit size increased, but, nince the
chopper could not turn the beam off inetantly, pileup eventually set in, causing
evnnt rajection; the histogram rate increneed to a maximum and then decreased
with increasing incident muon rate (fncreaeing slit size) j:~stau it does in the
unchopped-baam mode. In thle case, however, maximum projected data rate~ were
much higher than for unchopped beam experiments because beam chopping does auh-
stantially reduce the probability that a eacontimuon will get through to cause
ptlaupo

The maximum measured histogram rate wue roughly 200 Hz for the single
telescope with a chopper cycle time of 54 ue, With new electronics, now
available, that allows cycle time~ as short aa 20-25UC) the event rate will
increaae to roughly 500 Hz compared with m maximum rate of about 100 Hz
attainable with the unchopped LAMPF decay muon beam. Measured values of the
hf.stogramrate were eomewhat lower then the calculated values, which were based
On the IJSQUMPtiOn Of loo% poSitrOn teleSCOPU ●fficiency Since the positron
counters were not 100% efficient~ this result is not surprising.

DSR data taken using unchopped decay baams has typicslly hed
time-independent background of 1-3% of the ratee In the early-time channela.
mh~- k.-bm-n~~n~h-~ km-n mr*r4h1~~mA tf~ milonm that n~~~n In ~hm aamnl- rmufnn
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Fig. 4. Comparison of calculated and measured histogram rates for the
chopped-beam mode.

signals uncorrelated in time with the muon that initiates a given time interval.
It wao expected that, by turning the beam off as soon as a muon arrivee, the
background would be significantly reduced nince only one muon could be in the
vicinity of the earnpleat any time. The backgrounds observed in the chopped beam
mode were higher than expected, however, being N]%, and had a small time-
dependent component. Although the backgrounds are otlll not completely under-
stood, it is assumed that they hav~ the same origin as in the expctiments done
with unchcpped decay muon beams. If this is the case, then one way to reduce the
backgroun~ would be to design more effective muon beam collimation.

5* CONCLUSIONS

It has been demonstrated thmt use of a beam chopper to avoid muon pileup in
time-differential IJSR experiments 1s an exceptionally effactive tachnique for
incensing data ratea at low-duty-factor-beam facilities such ao LMPFt s~.vtw
increases ae great ae a factor of fiva bbove those attainable with uncho ?ed
beams, Similar rate increaoes may be actainabl~ nt contin~~oua-beamfacilities if
there is efficient muon flux available and if the chopper electronics can be
deulgned to tolerate the high power dissipation aaeocfaced with continuous
chopper puloing. It 10 probable that, wltb wull-designed collimators,



backgrounds significantly less than those obtained in decay beam experiments can
be attained.
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